Introduction
Product carbon footprints (PCFs) estimate the amount of greenhouse gases (GHGs) emitted during the life cycle of goods or services, either including entire supply chains or parts thereof. GHG emissions from crop production arise mainly from the manufacture and transport of farming inputs, energy use, farming operations and microbial activity in cultivated soils. Another significant source of emissions can be the loss of carbon stored within forests and other ecosystems upon their conversion to agriculture.
GHG emissions related to land use change (LUC) are commonly included in PCF methodologies in an attempt to incentivize a reduction in LUC. For example, the major international PCF guidelines PAS 2050 (BSI, 2011) 
and the GHG Protocol Product Life Cycle Accounting and Reporting Standard (GHG Protocol Product
Standard) (WRI and WBCSD 2011) account for carbon stock changes in soils and biomass due to recent LUC up to 20 years or a single harvest period prior to the assessment, whichever is longer. In Life Cycle Assessments (LCAs), LUC emissions have not routinely been included in the past but are increasingly included now (Cederberg et al., 2011) . Changes in soil carbon are either excluded (PAS 2050) or not mandatory (GHG Protocol Product Standard) if no recent LUC has occurred.
The carbon contained in biogenic materials that are part of the product analyzed may be excluded under PAS 2050 for food and feed products due to the likely reemission of the stored carbon to the atmosphere at short time scales. The GHG Protocol Product Standard and ISO (2013) allow the inclusion of biogenic carbon for all products and require the separate reporting of the timing of the removal and the emission for reasons of transparency. Carbon sequestration and carbon stocks in biomass that do not become part of the product analyzed (e.g. wood of fruit trees) are not included in PAS 2050 and the GHG Protocol Product Standard. For perennial agricultural systems that may store large amounts of carbon this means that their climate mitigation potential is not fully recognized in PCFs.
Overall, there is currently no general consensus on how to include temporary carbon removals in product level carbon accounting (Cederberg et al., 2011; Jørgensen and Hauschild, 2013) . Nevertheless, calls are increasingly made for the inclusion of carbon sequestration in PCFs in order to better represent woody perennial systems (e.g. Noponen et al., 2013) , and in these early days of developing the methods, some recent studies and online carbon calculators make an attempt to include carbon sequestration (Lam et al., 2009; Petsri et al., 2013; Andrade et al., 2014; Maina et al., 2014 ).
However, due to a lack of common methods and methodological difficulties, the current application is inconsistent and often fails to address important issues that are discussed here. This limits the usefulness and scientific credibility of available estimates and potentially overestimates the positive climate impact of perennial plantations (Nair and Nair, 2014) . Further, there appears to be some uncertainty about the potential to achieve carbon neutrality by balancing GHG emission against on-farm carbon sinks, e.g. in the coffee industry (Haggar and Schepp, 2012) . Therefore, it is timely to discuss the issue of carbon sequestration in managed woody plantations. Managed woody perennial systems here include: tree crops, plantations that produce non-timber products as their main output (e.g. latex), and systems that combine crops with trees or shrubs (agroforestry). Grasslands and systems with non-woody perennial crops are not the focus of this study. The main aim of PCFs is to provide information to an audience that in turn can reduce GHG emissions related to products, thus incentivizing climate friendly management methods. This article is concerned with how to improve the practical inclusion of above-ground carbon removals in the PCF of both woody (e.g. timber) and non-woody products (e.g. coffee) derived from the systems described above. It highlights some methodological issues that need to be resolved in order to estimate the climate mitigation potential of managed systems that contain trees and shrubs in a meaningful way under the framework of product related carbon accounting, distinguishing between biomass that is part of the product and biomass within the wider perennial system. Further, it aims to reduce the current inconsistency in the calculation of PCFs and proposes ways that allow individual farmers to benefit from maintaining or increasing carbon stocks. The latter is particularly relevant for developing countries where important crops are grown in perennial systems but farmers' efforts to increase carbon stocks currently are not recognized in PCFs.
Methodological issues
Several methodological issues complicate the inclusion of carbon removals in PCFs from woody perennial systems: the difference between stocks and sequestration; the non-permanence of the removals; the focus only on the carbon that is contained in the product being analyzed; allocating removals between co-products from the same system; and the common failure to consider the entire system over its full life time.
Further issues not discussed here include potential accounting errors where removals outweigh emissions (Plassmann 2012 ) and the lack of good quality data for many systems (Nair et al., 2009 ). These issues are equally relevant in the context of soil carbon sequestration.
Carbon stocks vs. sequestration
In the context of mitigation benefits of perennial biomass carbon, it is important to distinguish between carbon stocks and carbon sequestration as two separate indicators.
The purpose of PCFs is quantifying fluxes (in units of C per year) and relating them to yields at defined time scales, not quantifying carbon stocks (in units of C). Carbon stocks cannot be included in PCFs, only fluxes.
In a rotational woody perennial system that is renewed at the end of each crop cycle, carbon stocks and sequestration rates differ greatly between the establishment phase and the mature phase of each cycle. Over several rotations, the long term carbon stocks can be expressed as the average carbon contained in the biomass at any one time, where this time averaged carbon stock is constant across rotations. There is no net sequestration over long time scales (unless LUC or management changes occur) and PCFs should therefore not include it. This is an important difference between PCFs and project or national carbon accounting where absolute carbon stocks may be considered without relating them to a particular (annual) yield.
Non-permanence of carbon sequestration
At constant levels of productivity, any GHG not emitted contributes to mitigation and a reduced PCF because any emission that is avoided in the first place cannot be re-emitted (Smith et al., 2014) . In contrast, including carbon sequestration in PCFs is more complicated due to the likely non-permanence of the sequestration. The carbon contained in food, feed and crop residues is on a short cycle, i.e. it is released back into the atmosphere at time scales too short to contribute effectively to climate mitigation.
Only long lasting carbon sinks can do this, and this is why the inclusion of carbon sequestration in biomass needs to consider the timescale of the emission of the stored carbon.
If biomass carbon sinks were included irrespective of whether this biomass is used as a valuable resource (e.g. building materials) or disposed of as a waste, then the aim of PCFs to give incentives for mitigation efforts would not necessarily be achieved.
If, for example, the trees in a perennial plantation are clear felled and burned at the end of the economic cycle then there is no net carbon sequestration and no carbon benefit should be given to the products derived from this plantation. The usefulness and quality of available studies is seriously affected by the short timescale of most studies in agroforestry systems and a lack of consideration of the timescale of the re-emission (Nair and Nair, 2014) .
Some authors argue that only truly long-term carbon storage over at least 1000 years offers real climate benefits (Jørgensen and Hauschild, 2013) , whereas others stress that short-term storage can provide immediate benefits that buy society more time to develop longer lasting solutions (e.g. Dornburg and Marland, 2008) . The LCA community concluded that biogenic carbon should not be included in LCAs (Vogtländer et al., 2014) .
However, based on the increasing desire of stakeholders to include biogenic carbon in LCAs and PCFs, BSI (2011), WRI and WBCSD (2011) and EC-JRC (2010) allow giving credits for emissions that are delayed beyond the commonly used 100-year assessment period. Products with a lifetime greater than 100 years can claim a benefit for stored carbon unless otherwise provided for in supplementary sector/product specific requirements. Any carbon stored beyond this period is considered as permanently stored.
Failure to consider the entire system
In perennial systems there are significant carbon fluxes that are an integral part of the system but do not become part of the product, and these are typically excluded from PCFs, e.g. the carbon contained in an apple but not the apple tree (BSI, 2011; WRI and WBCSD, 2011) . It is possible to include the latter under PAS 2050 but its exclusion is recommended (BSI, 2011) . Published LCA studies either include biogenic carbon in a fruit but not the fruit tree (e.g. Coltro et al., 2009) or exclude it entirely (e.g. Mourad et al., 2007) .
Moreover, several co-products may be derived from woody perennial systems.
LCA and PCF guidelines prescribe the allocation of GHG emissions between coproducts from common processes, e.g. rubberwood and latex, and this should also apply to carbon removals and avoided emissions. However, current practice appears to commonly fail to account for all co-products from perennial plantations. One possible reason for this omission is that most perennial crop LCAs do not consider the full lifetime of the plantation (Bessou et al., 2013) ; however, some co-products will arise only at the very end of its economic life, e.g. rubberwood. The results of an analysis will therefore depend on whether or not all co-products are analyzed, leading to inconsistencies and a lack of comparability between studies. Another possible reason is that perennial systems may be very diverse and provide various functions, making the allocation of GHG emissions and removals between co-products a complex task.
Further, in the early years of a plantation, carbon sequestration is rapid and stocks are low; in mature plantations, the situation is reversed. Including yearly snapshots of sequestration in PCFs is not meaningful because it does not reflect this reality of rotational systems. It can generate misleading conclusions because the result will be highly dependent on the age of a plantation. Users of online carbon calculators that include sequestration need to be aware of this restriction when interpreting results.
Towards increased consistency
Three situations are identified in which it is meaningful to give credits for biogenic carbon: if management or LUC increase total carbon stocks; if biogenic carbon replaces fossil fuels; and if biogenic carbon is stored for long timescales. The following suggestions are intended to increase consistency in PCF applications.
Include both LUC and management induced changes
Long-term carbon stocks can be increased via LUC (e.g. from degraded land to tree crops) or management changes (e.g. increasing the amount of shade trees). The impact of LUC is captured by current PCF methods whereas the impact of changed management practices is not included. Similarly, carbon stock decreases via LUC are currently included but decreases resulting from management changes are not.
Changes in standing stocks via management changes should be treated in the same way as LUC, i.e. by comparing time averaged stocks before and after the change and allocating the increase/decrease evenly across 20 years or a single harvest period, whichever is longer.
This approach could incentivize management changes that lead to the sequestration of carbon. As Vogtländer et al. (2014) explain, this sequestration on individual farms does not necessarily lead to increased total global sequestration which can only be achieved by a growth in the global forest area and a global growth in the application of wood in the building sector. However, the approach suggested here is believed to be useful to incentivize individual stakeholders to increase carbon sequestration by changing processes that are under their own control by recognizing their efforts in PCFs.
Give credits for replacing fossil fuels
System expansion and substitution should typically be avoided in attributional PCFs.
However, in the case of bioenergy a credit could be given to a perennial system with constant time-averaged carbon stocks if its biomass is used to replace fossil fuels as long as the time-averaged stocks do not decrease. This approach is accepted in LCAs (EC-JRC, 2010) and PAS 2050. The GHG Protocol Product Standard does not allow avoided emissions to be subtracted from the total inventory results but they may be reported separately. Giving credits should be limited to those cases where the substituted product can be unambiguously identified. If it is unlikely that fossil energy will be replaced the system should not receive any credits if it is in a long-term equilibrium without any net sequestration.
Temporary storage: apply established methods while building consensus
The typical lifetime of a plantation is considered too short to include carbon sequestration as a credit. While common methods apply the 100-year cut-off rule for durable products (BSI, 2011; WRI and WBCSD, 2011) , both the inclusion and the appropriate time horizon are debated (Jørgensen and Hauschild, 2013; Vogtländer et al., 2014 ) so there is a need within the relevant communities to agree on the most suitable timescales for giving credits to biogenic carbon storage. Credits given for a storage length of >100 years do not imply a saving of carbon emissions but often only a delay, and it is important to explicitly consider both short-term and long-term mitigation effects (Jørgensen and Hauschild, 2013) . Further discussions are needed to enable useful calculations that can contribute to climate mitigation, find the most appropriate balance between short-term mitigation and long-term storage, define the most appropriate time horizons that can achieve the aims of PCFs, and decide how to address both scientific and pragmatic considerations. In the meantime, it is suggested to follow the established rules in BSI (2011) and WRI and WBCSD (2011).
Take a holistic view of perennial systems and align methods for co-product allocation
A holistic systems view is advocated which includes all products, components and coproducts of perennial systems across entire rotations. The narrow analysis of only a short time span is a major limitation of many existing studies because basing the calculations on one or a few years only allows neither an adequate holistic assessment of environmental impacts nor comparisons between systems, sites or years. This is because it fails to represent the reality of perennial systems which includes unproductive years, variations between yields and inputs over the productive phase, and declining yield levels towards the end of the economic life (Bessou et al., 2013) . Where the aim of a PCF analysis is the external communication, comparison between sites, suppliers or regions, or tracking mitigation benefits over time, this approach is not suitable.
Considering all products from a common system is also important for incentivizing the most efficient use of land.
In this context, the issue of co-product allocation is of great importance. LCA and PCF guidelines require that all co-products are considered that arise from systems where it is not possible to divide the unit processes so that only the inputs and outputs to one of the co-products are included. The products can be derived from the same plant, e.g. latex and rubberwood, or from different plants that are both part of the system, e.g. coffee beans and timber from shade trees.
The two most common methods of allocation are physical and economic allocation. Physical allocation is based on an underlying physical relationship between the co-products and GHG fluxes, where the quantity of both co-products and emissions are correlated. Economic allocation splits the GHG emissions according to the economic value of the co-products. This is the preferred allocation method if no physical relationship can be established or does not adequately describe the GHG fluxes (WRI and WBCSD 2011) .
If the carbon in the rubberwood was physically traced then all carbon removals would be credited to the wood product. This can be questioned because latex is the main economic driver for maintaining rubber plantations and both products are derived from the same tree, suggesting economic allocation. In the case of shaded coffee plantations, the two products timber and coffee are not derived from the same plant, but shade tree timber could be regarded as a co-product just like rubberwood, arguing that the shade trees would not exist if it was not for the main product coffee. Moreover, allocation based on physical relationships should only be used if all co-products have a function or value that is related to the physical measure chosen (RSB 2011; WRI and WBCSD 2011) . For the different products from perennial plantations such as woody biomass, food or feed it will rarely be possible to find such a common function.
On the other hand, a durable wooden product or building materials that store carbon for long periods of time should be recognized for their climate mitigation benefits. It would be easier to base this benefit on the amount of carbon contained in the final product than having to account for possible losses along the value chain from plantation to final product because the initial benefit at the plantation gate is split between co-products. This would mean not to allocate any benefits to the non-wooden outputs of a plantation.
In conclusion, there are arguments for both economic allocation and a physical tracing of the sequestered carbon, and there is a need for alignment of methods so that the overall mitigation potential of the system can be maximized. In any case, the actual carbon that is contained in a long-lived (co-) product that is used e.g. as a building material should be declared as a second indicator that can help incentivize the use of such renewable products over conventional alternatives.
Incentivize the use of long lived bio-derived products
The use of long-lived natural fibre products such as building materials should be incentivized for climate mitigation and consumers made aware of their positive impact relative to alternative materials. Categories of products with expected lifetimes over 100 years should be defined, and methods are needed to estimate and declare the climate benefit of such materials, whether they are the sole output or a co-product of a woody system. A pragmatic option would be the development of default figures for different materials to declare a product's carbon contents if more accurate data is not available.
The producers of crops in perennial plantations and the communities that use long-lived biomaterials should align their methods regarding carbon sequestration for carbon footprinting calculations and consumer facing carbon labels. Their interests may differ somewhat: perennial tree crop producers have a desire to be able to allocate at least some of the carbon sequestration benefits to their products, even if none of the sequestered above-ground carbon ends up in the crop as such but in a co-product of the wider system. On the other hand, renewable building materials should be recognized for their climate mitigation benefit if they are long-lived, in particular in comparison with conventional non-renewable building materials. These diverging interests need to be discussed and aligned as much as possible.
Use other methods to incentivize above-ground carbon stocks where they cannot be included in PCFs
PCFs are the wrong instrument for incentivizing efforts for maintaining carbon stocks in situations other than outlined above because they only consider fluxes, not stocks. Stock changes via LUC are recognized but their impact -positive or negative -is spread evenly across 20 years or a single harvest period. After this time, it is assumed that a new equilibrium has been reached. This does not mean that the contribution of perennial systems to climate mitigation should not be considered at all in such cases. Other mechanisms should then be used to incentivize maintaining carbon stocks which are also important for adaptation, resilience, biodiversity and ecosystem services (Tscharntke et al., 2011) . Therefore, it is proposed that carbon stocks should be evaluated separately from GHG fluxes and considered as a second indicator alongside a system's PCF. This is similar to the requirement of ISO/TS 14067 to show carbon storage within the product analyzed separately from GHG emissions, but applies to the wider perennial system (e.g. including trees that are part of the plantation but do not become part of the product analyzed). All else being equal (i.e. the same management practices, yield levels and delivery of other ecosystem services), a system with higher carbon stocks per hectare should be preferred over one with lower carbon stocks. It is important however to consider the age structure of the sites to be compared in order to avoid misleading comparisons and conclusions. Ideally, time averaged carbon stocks would be used. This use of an average also incentivizes consistent good farming practice by not reporting fluctuating stocks depending on the stage of rotation.
Carbon accounting per hectare only (instead of per unit of product) is not recommended because it does not take into account the productivity of the system. The combination of per hectare accounting for stocks and product related PCF assessments will be able to address both issues. The environmental benefits provided by woody perennial systems can also be recognized via sustainability certification schemes, payments for ecosystem services or project based carbon accounting.
Discussion
A number of methodological issues complicate the inclusion of above-ground carbon removals in PCFs from managed systems containing trees or shrubs. Nevertheless, it is desirable to include biogenic carbon in their above-ground biomass in PCFs in order to incentivize the efficient use of this renewable resource and improve the assessment of the climate impact of products derived from such systems. There is no absolute right or wrong but it is important to allow fair comparisons between systems and products and to enable the aims of PCFs to be met.
Suggestions are made here for considering above-ground carbon removals in perennial systems, including the main crop and co-products, to encourage the planting and maintenance of woody biomass and the use of this biomass either as a source of energy or for long-lived products. The inclusion of increases and decreases in carbon stocks related to management changes recommended here is not required by BSI (2011) and WRI and WBCSD (2011) , possibly because they often do not affect the product to be analyzed but other elements of the system, e.g. shade trees.
The approach proposed here encourages individual stakeholders to maintain or increase above-ground carbon stocks which is expected to encourage mitigation efforts at the local scale and under the control of individual farmers, and to disincentivise decreases in carbon stocks.
IPCC (2006) provides methods and default values to calculate changes in carbon stocks as a result of LUC or management changes but improved methods for estimating carbon sequestration in agroforestry systems are needed (Nair and Nair, 2014) .
Where benefits can be credited to a system, it is suggested to show emissions and credits separately when presenting PCF results. This allows stakeholders to clearly identify whether sinks were enhanced, fossil energy replaced or GHG emissions reduced in order to achieve a lower PCF, hence enhancing transparency and encouraging efforts to improve on both sources and sinks.
Potential trade-offs
It is important to consider other environmental aspects in addition to GHG emissions.
The efficient use of all products from the same land should be encouraged but removing biomass for energy or other purposes needs to remain at sustainable levels. For example, if the biomass that is usually left behind in smallholder rubber plantations was removed there might be unintended consequences for nutrient cycling within the plantation (Ratnasingam et al., 2012) .
A consideration of increasing soil carbon levels via biomass left in the plantation was outside the scope of this paper; but clearly this part of the carbon cycle is linked with the rate of extraction of above-ground biomass. This leads to a potential trade-off between climate mitigation via the extraction of biomass (e.g. for bioenergy) or via enhanced levels of soil carbon that should be carefully managed. The latter is a significant climate mitigation option (Paustian et al., 2016) , and soil organic matter levels also have important benefits for soil fertility and climate adaptation (Lipper et al., 2014) . Similarly, it might be desirable to increase on-farm carbon stocks in shade trees for climate adaptation with may result in a trade-off with both main product yields and the maximization of wood extraction rates.
These potential trade-offs make the inclusion of above-ground carbon sequestration in PCFs complex beyond questions about time scales or co-product allocation. Great care needs to be taken to prevent wrong incentives by encouraging excessive biomass removals. This may require the setting of regional threshold values for biomass extraction encouraged by PCFs. As stocks cannot always be meaningfully included in PCFs, using different methods for incentivizing the maintenance of carbon stocks and reducing PCFs can highlight potential trade-offs while recognizing the importance of both. Finally, PCFs only consider a single environmental problem.
Therefore, a good performance in terms of GHG emissions should not be taken to imply overall sustainability or a high ecological value of a system; in order to assess these, a more holistic analysis considering possible trade-offs is required.
